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Abstract

Previous research suggests that, in reaction time (RT) measures of episodic memory retrieval, the unique effects of adult age are relatively
small compared to the effects aging shares with more elementary abilities such as perceptual speed. Little is known, however, regarding the
mechanisms of perceptual speed. We used diffusion tensor imaging (DTI) to test the hypothesis that white matter integrity, as indexed by
fractional anisotropy (FA), serves as one mechanism of perceptual slowing in episodic memory retrieval. Results indicated that declines in FA
in the pericallosal frontal region and in the genu of the corpus callosum, but not in other regions, mediated the relationship between perceptual
speed and episodic retrieval RT. This relation held, though to a different degree, for both hits and correct rejections. These findings suggest
that white matter integrity in prefrontal regions is one mechanism underlying the relation between individual differences in perceptual speed

and episodic retrieval.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

As people age, cognitive abilities such as executive func-
tioning, attention and memory tend to decline, even in the
absence of significant disease (Kramer and Madden, in press;
Zacks et al., 2000; Salthouse, 1996). Regarding memory, age-
related declines are most pronounced for episodic memory,
which involves specific contextual detail. Semantic mem-
ory, which involves context-independent facts and linguistic
structure, typically shows less decline (Burke et al., 2000;
Light, 2000; Veiel and Storandt, 2003). Age-related decline
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in episodic memory is evident both for encoding processes
(Craik, 1994; Glisky et al., 2001) and retrieval processes
(Spaniol et al., 2006). There is also evidence, however, that
these declines in episodic memory functioning are not unique
to memory but instead share a substantial proportion of their
age-related variance with other, more elementary perceptual-
motor abilities, including processing speed (Park et al., 2002;
Salthouse, 1993, 1996; Veiel and Storandt, 2003).

Little is known currently regarding the neurobiological
substrates of perceptual speed and how they may vary as a
function of adult age (Salthouse and Madden, in press). The
goal of this research was to identify some of the individual dif-
ferences in brain structure that may comprise a mechanism for
the speed mediation of episodic memory retrieval. Previous
studies established that various aspects of brain structure and
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functioning, particularly in the prefrontal and medial tempo-
ral lobe regions, change during adulthood in a manner that has
both task-independent and task-specific influences on mem-
ory performance (Cabeza, 2001, 2002; Grady, 2005; Park and
Gutchess, 2005). Further, age-related deficits in measures of
fluid intelligence and processing speed have been linked to
several aspects of brain structure and function, including age-
related decline in cortical volume, particularly the prefrontal
regions (Schretlen et al., 2000), as well as to decline in the
neurotransmitter dopamine, especially in the basal ganglia
(Braver and Barch, 2002; Li et al., 2001).

In this study, we investigated the potential role of cerebral
white matter integrity as a mediator of the relation between
perceptual speed and episodic retrieval. Because memory
retrieval involves other complex cognitive processes in addi-
tion to memory (e.g., attention), it is likely to depend on
neural networks that are distributed widely throughout the
brain; thus, white matter pathways would be essential for
maintaining the coherence of information processing within
these pathways (Greenwood, 2000; Tisserand and Jolles,
2003). Anatomical studies of nonhuman primates (Peters
and Sethares, 2002), as well as human neuroimaging studies
(Gunning-Dixon and Raz, 2000; Leaper et al., 2001; Madden
et al., 2004; O’Sullivan et al., 2001; Sullivan et al., 2006; van
den Heuvel et al., 2006), suggest that decreasing white matter
integrity in older adults may lead to decreases in perceptual
speed. Further, in a diffusion tensor imaging (DTI) investi-
gation using ageing Rhesus monkeys, Makris et al. (2006)
found that regional decreases in fractional anisotropy (FA),
one index of white matter integrity, were negatively corre-
lated with performance on tests of executive functioning but
not for recognition memory.

We assessed white matter integrity using DTI, which is
an MR technique that measures the rate and direction of dif-
fusion of water molecules in neural tissue (Beaulieu, 2002).
Water diffusion can be described as occurring equally in all
directions (isotropic diffusion) or occurring primarily in one
direction (anisotropic). For instance, water diffusion in cere-
bral gray matter has a relatively low degree of anisotropy. On
the other hand, water diffusion in white matter has varying
degrees of anisotropy depending on many factors, such as the
degree of compactness of white matter tracts, their myelina-
tion and number of axons within a specific region. Fractional
anisotropy is an index of the degree to which water molecules
diffuse in a single direction. FA values range from O (isotropic
diffusion) to 1 (highly anisotropic diffusion). Various white
matter disease processes, as well as the normal aging process
can produce loss of white matter integrity and decreases in
FA values. Several previous investigations have reported an
age-related decline in FA consistent with a decline in white
matter integrity (Moseley, 2002). There is a general anterior
to posterior gradient of the age-related decline in FA, with the
prefrontal regions exhibiting the greatest change, but decline
is also evident in regions (e.g., posterior periventricular) out-
side of the frontal lobe (Head et al., 2004; Madden et al.,
2007; Pfefferbaum et al., 2005; Salat et al., 2005).

It is clear that white matter integrity supports perfor-
mance on a wide variety of cognitive tasks (Madden et
al., 2004; O’Sullivan et al., 2001; Sullivan et al., 2001;
Ylikoski et al., 1993). Indeed, Ylikoski et al. (1993) found
that as the number of white matter lesions increased, perfor-
mance on neuropsychological measures of processing speed
and attention decreased. Other studies have demonstrated a
relationship between decreasing white matter integrity and
decreasing cognitive performance, as indexed by decreas-
ing FA (Madden et al., 2004; O’Sullivan et al., 2001;
Sullivan et al., 2001) or the increased rate of diffusion
(O’Sullivan et al., 2001). In view of the established rela-
tion between elementary perceptual speed and age-related
cognitive change, an important unresolved issue is the
degree to which white matter integrity mediates perceptual
speed.

To assess the role of white matter integrity as a media-
tor of perceptual speed effects, we used regression analyses
similar to those that have established the role of speed as a
mediator of age-related differences in memory performance
(Moseley, 2002; Pfefferbaum et al., 2005; Salthouse, 1996;
Veiel and Storandt, 2003). These previous studies demon-
strated the mediating role of perceptual speed by means of
hierarchical regression models. These models compare the
variance in memory performance accounted for by age, when
age was the sole predictor, relative to the remaining age-
related variance when a measure of perceptual speed was
entered as a predictor, before age, in the regression model.
The current study expands on these findings by comparing
single-task performance on semantic and episodic retrieval
memory tasks. An additional contribution of this study is
that we divided the episodic memory trials into those on
which participants correctly categorized previously presented
words as “old” (hit trials) and trials on which participants cor-
rectly categorized words that had not been presented during
encoding as “new (correctrejection trials). According to dual-
process models of recognition memory, different processes
are involved in correct responses to “old” words or hits ver-
sus correct responses to “new’” words or correct rejections,
with hits being influenced by both recollection and familiar-
ity but correct rejections representing a lack of recollection
along with a low level of familiarity (Yonelinas, 1994). In
our experiment, during a neuroimaging session that included
DTI, participants performed several behavioral tasks includ-
ing memory retrieval and perceptual speed. We hypothesized
that, consistent with the previous behavioral studies (Park
et al., 2002; Salthouse, 1993; Salat et al., 2005; Veiel and
Storandt, 2003), speed would be a significant mediator of the
relation between age and episodic retrieval RT. We did not
expect to find significant age differences between younger
and older adults on the semantic memory task as seman-
tic memory remains relatively well-preserved with increased
age (Zacks et al., 2000). Critically, we also predicted that
white matter integrity, especially in prefrontal regions, would
mediate the relationship between speed and episodic memory
retrieval.
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2. Methods
2.1. Design

The behavioral and DTI data were both collected during
a single scanning session, which also included functional
magnetic resonance imaging (fMRI; to be reported sep-
arately). We acquired the memory performance measures
during an encoding phase, a retention phase and a retrieval
phase, which cycled in that sequence four times. During
the encoding phase, participants viewed a series of to-be-
remembered words, presented one at a time and performed
an encoding task (pleasant/unpleasant judgments). The DTI
imaging was conducted in four runs during these encoding
trials. Each encoding phase was followed first by a reten-
tion interval (during which participants performed a choice
RT task) and then a retrieval phase (during which a series
of words was also presented visually, one at a time). Two
of the retrieval trial blocks involved episodic judgments
(old/mew in relation to the immediately preceding encoding
trials) and two of the retrieval blocks involved semantic judg-
ments (living/nonliving). The fMRI imaging was conducted
during the four retention intervals and four retrieval blocks

(Fig. 1).
2.2. Participants

All procedures were approved by the Internal Review
Board of the Duke University Medical Center and the par-
ticipants provided written, informed consent. Nineteen older
adults (9 women) between the ages of 63 and 78 years of age

(M =69.59 years) and 19 younger adults (9 women) between
the ages of 20 and 28 years of age (M =23.89 years) par-
ticipated. All participants had near visual acuity of at least
20/40, with a minimum score of 28 on the Mini-Mental State
Exam (Folstein et al., 1975) and scored less than 10 on the
Beck Depression Inventory (Beck, 1978). Participants were
screened using a version of the Christensen Health Screener
(Christensen et al., 1992) and excluded if they reported any
major medical conditions known to affect cognition (e.g.,
recent stroke, Parkinson’s disease, etc.) or were currently
taking antihypertensive or psychotropic medication. Partici-
pants’ To-weighted structural brain images were reviewed by
aneuroradiologist (one of the authors, J.M.P.) and determined
to be within normal limits for atrophy, ventricular dilation and
white matter lesions. We used the criterion that white matter
lesions could not be: (a) more than five in number, (b) greater
than 3 mm in diameter or (c) confluent (i.e., adjoining other
white matter lesions) (Fazekas et al., 1988).

The older adults’ responses on a computer-administered
digit-symbol coding test (Salthouse, 1992) were
slower (M=1770ms) than younger adults’ responses
(M =1283ms), #36)=5.34, p<0.01, but the two age groups
were comparable in their raw scores on the Vocabulary
subtest of the Wechsler Adult Intelligence Scale (Wechsler,
1981); younger adults M =64.63; older adults M =66.68.
The older adult participants (M =18.00) had significantly
more years of education than did the younger adults
(M =16.16), 1(36)=2.15, p=0.04. Participants performed
these psychometric and screening tests, as well as a practice
version of the memory retrieval task, in a separate session
approximately 2 weeks before the scanning session.

ENCODING RETENTION RETRIEVAL
Conducted during Start functional Functional imaging
structural imaging imaging continues

and DTI
Speed Episodic
Task right Test snake
doctor
left child
mosquito 1500 ms Old New 1500
child :
manti
3000 ms ] Test | cesk
Pleasant Unpleasant
l doctor
1500 ms Living Nenliving | 1500 ms

Fig. 1. The sequence of trials during each of the three task phases. During retention and retrieval, the stimulus was followed by a blank screen of variable

duration (1000, 1500 or 2000 ms).



B. Bucur et al. / Neurobiology of Aging 29 (2008) 1070-1079 1073

2.3. Stimuli and procedure

The test stimuli consisted of 312 familiar, concrete nouns,
156 that could be classified as either living (e.g., mosquito)
and 156 that could be classified as nonliving (e.g., scissors).
Each word was between 4 and 9 letters in length (M =6 let-
ters). An additional 72 words were used for practice during
the separate screening session.

All phases of the task — encoding, retention and retrieval
— were performed within the MR scanner during four run
sequences. Participants viewed the stimuli displayed on
the computer screen through liquid-crystal display goggles
(Resonance Technology, Northridge, CA, USA) fitted with
removable lenses that were matched to their prescription (if
needed). Participants responded via two buttons on a four-
button fiber optic response box (Resonance Technology),
resting the thumb of each hand on a response button through-
out testing.

During the encoding phase, which took place during the
DTI imaging, participants viewed 39 words (18 words denot-
ing living things, 18 words denoting nonliving things and
1 primacy and 2 recency buffer words) presented one at
a time on the computer screen. The words were presented
for 3 s each, in a fixed pseudorandom order for all partic-
ipants. The participants’ task was to categorize each word
as “pleasant” or “unpleasant.” The assignment of responses
to buttons was counterbalanced over participants. Partici-
pants were instructed that each encoding block would be
followed by a retrieval block, but that the task during
each retrieval block could be (unpredictably) either episodic
(old/new item recognition) or semantic (living/nonliving
classification), without reference to the previous encoding
list.

Following each encoding phase, there was a 120 s reten-
tion phase that began with a 30 s off-task period during which
participants were instructed to focus on a white fixation cross.
This period was in turn followed by a 90s interval during
which participants completed one of two choice RT tasks,
one task involved pressing the left and right response buttons
to the word “left” or right presented on each trial, whereas the
other task involved pressing the buttons to an arrow located
on the left or right side of the display. In these tasks the stim-
uli remained on the screen for 1500 ms followed by a blank
screen of variable duration (1000, 1500 or 2000 ms). There
was a total of 4 blocks of choice RT trials, with 2 blocks, each
of 30 trials, for each type of choice RT task. These four blocks
were presented in an alternating sequence, counterbalanced
over participants. We constructed a composite speed score
by obtaining each participant’s median RT for each choice
RT task and then averaging these two values. Following
each choice RT task, there was a 30 s off-task period during
which participants were instructed to focus on a white fixation
Cross.

Immediately following the off-task period, participants
completed the retrieval phase, consisting of either the
episodic or semantic memory task. As mentioned previ-

ously, at the time of encoding, participants did not know
which type of test would be presented during the sub-
sequent retrieval phase. At the beginning of the retrieval
tests, an instruction screen indicated whether the partici-
pants should perform old/new (episodic) or living/nonliving
(semantic) judgments. Participants viewed the 39 words from
the encoding phase along with 39 words that had not been
presented during encoding. The words occurred in a pseu-
dorandom order, and each word remained on the screen
for 1500 ms followed by a blank screen of variable dura-
tion (1000, 1500 or 2000 ms). Each participant performed
the semantic and episodic retrieval tests in one of two
orders (ABBA or BAAB), which was counterbalanced across
participants.

2.4. Diffusion tensor imaging

Imaging was conducted on a GE 4T scanner. Prior
to the behavioral task, we acquired the following types
of whole-brain images: sagittal localizer, spoiled gradient
recalled (SPGR), T,-weighted and DTI. At the start of
the behavioral task, we conducted four alternating runs
of DTI, started at encoding and T3-weighted (functional)
images, started at retrieval. Thus, there were five sig-
nal averages of the DTI sequence, one included with the
other structural imaging and one conducted during each
of the four encoding blocks. The DTI sequence included
30 near-axial slices, parallel to the plane connecting the
anterior and posterior commissures. Slices were 3.8 mm
thick with no interslice gap. Diffusion was measured in
six directions, plus one image with no diffusion weight-
ing, TR/TE=30,000/138.8, NEX=1, FOV =24 x 24, flip
angle=90°, b=1000 s/mm?2, 128 x 128 matrix resolution,
in-plane resolution = 1.875 mm.

We selected seven white matter regions of interest (ROIs)
containing tracts providing pathways to a widely distributed
network of cortical areas involved in memory retrieval. These
areas include the prefrontal, anterior cingulate, medial tem-
poral and parietal regions (Cabeza, 2001, 2002; Park and
Gutchess, 2005). These ROIs, illustrated in Fig. 2, included:
(a) the cingulum bundle (CIN) providing for associational
interactions along the cingulate gyrus and between cortical
areas in the cingulate gyrus and the medial temporal lobe;
(b) the uncinate fasciculus (UNC) connecting the inferior
frontal and anterior temporal lobes; (c) the superior longi-
tudinal fasciculus connecting the frontal lobes and lateral
portions of the temporal lobe, which we have subdivided into
anterior (ASL) and posterior (PSL) portions; (d) white mat-
ter slightly lateral to the genu of the corpus callosum and
bounded by the frontal sulci, insular cortex and the anterior
horn of lateral ventricles (PCF; pericallosal frontal) pro-
viding connections among prefrontal and subcortical areas.
We also selected the genu (GNU) and splenium (SPN) of
the corpus callosum as these white matter tracts provide
interhemispheric connections across anterior (GNU) and pos-
terior (SPN) portions of the cortex. These ROIs were drawn
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PCF

CIN

ASL

PSL

Fig. 2. Example of white matter ROIs for a younger and older adult. The ROIs were drawn individually for each participant directly on the diffusion tensor
images. GNU, Genu of the corpus callosum; SPN, splenium of the corpus callosum; PCF, pericallosal frontal white matter; ASL, white matter in the anterior
portion of the superior longitudinal fasciculus; PSL, posterior portion of the superior longitudinal fasciculus; UNC, uncinate fasciculus; CIN, cingulum bundle.

directly on the diffusion tensor images by two trained oper-
ators, with the high resolution SPGR images as a guide,
using previously established methods (Madden et al., 2004,
2007).

Prior to drawing ROIs independently, the two operators
attained at least 80% spatial overlap of voxels. The genu
and splenium of the corpus callosum were clearly visible
on the Ti-weighted images, and thus standard anatomical
landmarks were used to define these regions. The perical-
losal frontal ROI was defined on image slices containing
the genu of the corpus callosum. The pericallosal frontal
ROI targeted the anterior centrum semiovale, where fibers of
passage associated with dorsal prefrontal cortical areas and
related subcortical structures would be expected to course.
This ROI was bounded by gray matter at the fundi of frontal
sulci anteriorly and laterally (it did not sample subcortical
white matter within frontal gyri), by the anterior horn of
the lateral ventricles medially and by insular cortex pos-
teriorly. For the ASL and PSL, the ROIs were defined as
beginning on the last slice where the ventricles where present
and ending when the white matter tracts disappeared. For
the ASL, the anterior boundary was the anterior cingulate;
the posterior boundary was the central sulcus. For the PSL,
the anterior boundary was the central sulcus and the pos-
terior boundary was the precuneus. We defined the UNC
as beginning on the last slice in which the brain stem was
present. The anterior boundary was ten voxels beyond the
rostral portion of the diencephalons and approximately three
voxels wide. The posterior boundary was the top of the
brain stem. We consulted the SPGR image to be certain
that the ROI contained white matter only. The CIN was
defined as beginning one slice above where the corpus callo-
sum and ventricles were present. The CIN was medial to
the superior longitudinal fasciculus and above the corpus
callosum.

Using custom MATLAB scripts, we calculated the aver-
age FA for each ROL. For regions outside the corpus callosum,
we calculated separate FA values for the left and right hemi-
spheres.

3. Results
3.1. Memory retrieval performance

On the semantic memory test, older adults did not differ
significantly in either accuracy (M =94% for older adults,
91% for younger adults) or mean of median RT (M =725 ms
for older adults, 633 ms for younger adults), #(36)=1.67
p=0.10. On the episodic test, accuracy (hits—false alarms)
was also not significantly different between the two age
groups (M =65% for older adults, 73% for younger adults),
t(36)=—1.62 p=0.11. As noted in the Introduction, current
dual-process models of recognition memory propose that dif-
ferent processes are involved in correct responses to “old”
words (hits) versus correct responses to “new” words (cor-
rect rejections) during episodic retrieval (Yonelinas, 1994).
Therefore, we divided the episodic retrieval data into hits
and correct rejections and conducted separate analyses of
RT for each type of trial. Younger adults were signifi-
cantly faster than older adults for both hits (M =659 ms
for younger adults, 750ms for older adults), #36)=2.31
p=0.03 and correct rejections (M =738 ms for younger
adults, 875ms for older adults), #36)=3.62 p=0.0009.
Because we did not obtain age differences in semantic
retrieval RT or accuracy, or in episodic accuracy, we restricted
our analyses to the RT data for hit and correct rejection
trials.

3.2. Speed mediation of age effects in memory retrieval

Our goal in the mediation analyses was to determine,
first, whether perceptual speed (as defined by the mean of
the two left/right choice RT tasks) mediated the age-related
slowing in episodic retrieval RT, and secondly, whether
white matter integrity mediated perceptual-motor speed. As
a first step, we determined whether the assumptions of medi-
ation (Baron and Kenny, 1986) were met for all of our
variables of interest (age group, perceptual-motor speed,
FA, hit RT and correct rejection RT). We conducted the
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Table 1
Effects of age and speed for hit and correct rejection RT
B P Increment in 72 F Percentage attenuation
Hit RT
Model 1
Age 0.359 0.129 532"
Model 2
Speed 0.364 0.133 5.52"
Age 0.252 0.186 0.053 2.28 58.91
Correct rejection RT
Model 1
Age 0.517 0.267 13.12"
Model 2
Speed 0.564 0.319 16.84"
Age 0.343 0.417 0.099 591" 62.92
* p<0.05.

regression analyses to test for these relations, separately
for RT on hit trials and correct rejection trials. Age group
was coded as a categorical variable. We found a signifi-
cant relationship between age group and hit RT (r=0.36,
p=0.03), between age group and correct rejection RT
(r=0.52, p=0.0009), between perceptual-motor speed and
hit RT (r=0.36, p=0.02), between perceptual-motor speed
and correct rejection RT (r=0.56, p=0.0002) and between
age and perceptual-motor speed (r=0.41, p=0.01). Thus,
our measure of perceptual speed meets the requirements for
mediation.

When age group was the only predictor of hit RT, 13%
of the variance was age-related (Table 1). To determine if
speed was a significant mediator of the effect of age on
hit RT, in a regression model predicting hit RT, we entered
our perceptual-motor composite score first, followed by age.
After controlling for perceptual-motor speed in this man-
ner, age no longer accounted for significant variance in
episodic hit RT. To determine the degree to which speed
attenuated the amount of variance in episodic hit RT that
can be explained by age, we used a procedure advocated
by Salthouse (1993), in which we subtracted the amount
of variance in episodic hit RT uniquely associated with
age (partialled for the effect of speed) from the amount of
variance in episodic hit RT associated with age as a sole
predictor. We then divided this difference by the amount
of age-related variance in episodic hit RT when age was
the sole predictor. Using this procedure, we found that
speed attenuated 59% of the age-related variance in episodic
hit RT.

We used these same steps to determine if speed was a medi-
ator between age and correct rejection RT (Table 1). As the
sole predictor, age accounted for 27% of the variance in cor-
rect rejection RT. Similar to the analysis for episodic hit RT,
speed was a significant predictor when entered before age.
Speed attenuated 63% of the age-related variance in correct
rejection RT. However, age continued to account for signif-
icant variance in correct rejection RT even after controlling
for speed.

3.3. Fractional anisotropy

Preliminary analyses revealed no significant differences
in FA between hemispheres and we thus used the average FA
across hemispheres for each participant and region of inter-
est as our FA measure. The mean FA values are presented
in Fig. 2. To protect against type I error (Tabachnick and
Fidell, 2001), we performed a multivariate analysis of vari-
ance (MANOVA) for the set of seven ROIs using age group
as the between-subjects variable and the seven ROIs as sep-
arate dependent variables. As predicted, the results revealed
a significant effect of age group, F(7, 30)=6.34, p<0.0001.
Univariate tests of the age group difference for each region
revealed significant age differences in the ASL (p =0.0060),
CIN (p=0.0015), GNU (p=0.0073), PCF (p=0.0002) and
SPN (p=0.0332). In each case, mean FA was significantly
lower for the older adult group reflecting age-related declines
in white matter integrity (Fig. 3).

3.4. Fractional anisotropy mediation of perceptual speed

To investigate whether white matter integrity mediates the
relation between speed and episodic retrieval, we used the

.75
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.60
.55
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45 ] g :

40 .

35

30 4 : - . ; ; |
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SPN

Fractional Anisotropy

Region of Interest

Fig. 3. Mean FA values for each ROI by age group. For abbreviations see
legend for Fig. 2.
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Table 2
Effects of speed and fractional anisotropy (FA)
B P Increment in F Percentage attenuation
Hit RT
Model 1
Speed 0.364 0.133 5.52"
Model 2
FA-GNU —0.427 0.182 8.02°
Speed 0.247 0.236 0.054 2.46 59.40
Model 3
FA-PCF —0.463 0.214 9.82"
Speed 0.242 0.267 0.053 2.54 60.15
Correct rejection RT
Model 1
Speed 0.564 0.319 16.84"
Model 2
FA-GNU —0.479 0.229 10.72"
Speed 0.453 0.410 0.181 10.75" 43.26
Model 3
FA-PCF —-0.615 0.379 21.94°
Speed 0411 0.531 0.152 11.38" 62.92

Note: FA-GNU, Fractional anisotropy in the genu of the corpus callosum; FA-PCEF, fractional anisotropy in the pericallosal frontal region.

* p<0.05.

same regression procedures to investigate whether FA medi-
ated the relationship between perceptual speed and episodic
RT. The GNU and PCF were the only FA variables meet-
ing the assumptions for mediation. We conducted separate
regression analyses for GNU and PCF, using mean FA as a
predictor variable. Additional analyses including interaction
terms for left/right hemisphere differences indicated that the
mediation effects did not vary significantly by hemisphere.
In the analyses of hit RT, perceptual speed accounted for
13% of the variance when it was the sole predictor (Table 2).
When entered before speed, mean FA in both the GNU and
PCF were significant predictors. In addition, the parameter
estimates for both variables were negative, indicating that
decreasing white matter integrity is associated with increas-
ing RT (slower responses). Speed did not remain a significant
predictor of hit RT after controlling for FA in the GNU and
PCF. When entered before speed, mean FA in the GNU atten-
uated the amount of variance in hit RT associated with speed

by 59%. Analogously, entering mean FA in the PCF as the
first predictor attenuated the speed-related variance in hit RT
by 60%.

For episodic correct rejection RT (Table 2), mean FA in the
GNU and PCF were also significant predictors, with negative
parameter estimates. However, speed remained a significant
predictor of correct rejection RT after controlling for FA in
the GNU and PCF. Mean FA in the GNU reduced the amount
of speed-related variance in correct rejection RT by speed by
43%. For mean FA in the PCF, the degree of attenuation was
52%. The bivariate correlations for all FA variables, hit RT
and correct rejection RT are presented in Tables 3 and 4.

4. Discussion

The results of this research lead to two important con-
clusions regarding individual differences in white matter

Table 3

Correlations among fractional anisotropy and RT variables for younger adults

Variables 1 2 3 4 5 6 7 8 9 10

(1) Hit RT -

(2) Correct rejection RT 0.833"" -

(3) Perceptual-motor speed 0.324 0.457 -

(4) PCF —0.149 —-0.276 —0.427 -

(5) ASL 0.108 0.032 0.175 0.054 -

(6) PSL —0.032 —0.164 0.061 0.452 0.420 -

(7) UNC —0.083 —0.199 —0.249 0.585"" 0.002 0.355 -

(8) CIN —0.089 0.058 —0.137 0.332 —0.120 0.261 0.416 -

(9) GNU 0.119 0.285 0.201 -0.277 —0.197 —0.251 —0.048 0.122 -

(10) SPN —-0.032 0.129 —0.265 0.277 —0.328 —0.272 0.375 0.382 0.458" -
* p<0.05.

 p<0.01.
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Table 4
Correlations among fractional anisotropy and RT variables for older adults
Variables 1 2 3 4 5 6 7 8 9 10
(1) Hit RT -
(2) Correct rejection RT 0.777" -
(3) Perceptual-motor speed 0.205 0.452 -
(4) PCF —0.493"  —0.613" 0.114 -
(5) ASL 0.210 —0.002 —0.092 —0.124 -
(6) PSL —0.152 —0.087 0.152 0.237 0.367 -
(7) UNC —0.271 —0.270 0.180 0.370 0.191 0.251 -
(8) CIN 0.180 0.014 0.052 0.372 —0.102 —0.178 0.233 -
(9) GNU -0.493"  -0565"  —0.323 0.405 —0.325 0.169 0.119 0.005 -
(10) SPN —0.109 —0.151 0.294 0.410 —0.488" 0.010 0.011 0.505" 0.200 -
* p<0.05.
 p<0.01.

integrity and the mechanisms for the speed mediation of
episodic memory retrieval. First, consistent with previous
research (Park et al., 2002; Salthouse, 1993, 1996; Veiel
and Storandt, 2003), we found that perceptual-motor speed
mediated the relationship between episodic retrieval RT and
age. This was true for both hit and correct rejection tri-
als. For correct rejection RT, however, age continued to
account for significant variance in performance even after
controlling for perceptual-motor speed. That is, although
age-related slowing in both hits and correct rejections shares
substantial variance with elementary perceptual speed, there
is some additional age-related effect in correct rejection
decisions. This difference in the degree to which per-
ceptual speed mediates age-related changes in hits versus
correct rejections has not been reported previously. This
pattern may represent age-related variation in the decision
process involved in terminating memory search on cor-
rect rejection trials, or rechecking the decision outcome on
these trials prior to responding (Chun and Wolfe, 1996).
Although the age group x trial type interaction was not sig-
nificant, there was a trend for a greater degree of age-related
slowing for correct rejections (137 ms) compared to hits
(91 ms).

Second, and more importantly, we demonstrated a mech-
anism for the slowing in perceptual speed that is a common
dimension of age-related differences in many forms of
cognitive performance. As mentioned previously in the Intro-
duction, although there is substantial evidence that speed
mediates age-related declines in episodic retrieval, very little
is known about the neural mechanism of speed. Consistent
with other research (Head et al., 2004; Madden et al., 2007;
Pfefferbaum et al., 2005; Salat et al., 2005), we found age-
related declines in white matter integrity, as indexed by lower
FA, in five of our seven ROIs. Only FA in the genu of the
corpus callosum and in pericallosal frontal white matter, how-
ever, mediated the relation between perceptual-motor speed
and episodic retrieval for both hit and correct rejection RT.
This finding suggests that white matter decline as indexed by
FA, particularly for prefrontal regions, serves as one of the
mechanisms for perceptual-motor slowing. Because much

of the age-related variance in episodic memory retrieval is
shared with speed, we propose that decreasing integrity of
white matter pathways contributes to the age-related deficits
found in our episodic retrieval task by impairing the trans-
mission of information among a widely distributed network
of cortical regions, essentially disconnecting task-relevant
regions. Although FA is a statistical mediator of this relation-
ship, we cannot be sure of the biological changes that lead
to these changes in FA. Such changes during normal aging
may include an increased number of white matter lesions,
age-related myelin loss, and increases in extracellular space
(Moseley, 2002).

The disconnection idea is consistent with other research
showing a relationship between white matter integrity and
speed-based measures of cognitive performance, as defined
by measures of white matter lesion volume (Gunning-Dixon
and Raz, 2000; Leaper et al., 2001; van den Heuvel et al.,
2006) and FA (Madden et al., 2004; O’Sullivan et al., 2001;
Sullivan et al., 2006). In the current study, the mediating
effects of FA varied as a function of the decision process,
being stronger for hits than for correct rejections. This finding
raises the possibility that for hits trials, episodic recollec-
tion and familiarity are dependent on perceptual speed as
mediated by white matter pathways within the frontal lobe,
whereas other processes contributing to correct rejections
rely on additional input from nonfrontal mechanisms.

In conclusion, this research suggests that declines in white
matter integrity of prefrontal regions contribute to the age-
related slowing in episodic retrieval occurring as a function
of age. It appears that, even in otherwise healthy older adults,
deterioration of the white matter tracts due to normal aging
slows the transmission of information across a network of
cortical structures necessary for the retrieval of information
from episodic long term memory.
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